Introduction
============

Esophageal cancer is a common digestive tract cancer and, as tumor cells are able to invade the submucosal layer or transfer to distant organs in the early stage, the postoperative survival rate is low, expected survival time is short and the prognosis is poor ([@b1-ol-0-0-5854]). Therefore, it is important to investigate genes associated with esophageal cancer and further elucidate the mechanisms underlying esophageal cancer. Studies of breast and colon cancer have demonstrated that the overexpression of special AT-rich sequence-binding protein-1 (SATB1) may lead to tumor cell growth and inhibition of apoptosis ([@b2-ol-0-0-5854],[@b3-ol-0-0-5854]).

SATB1 is a nuclear matrix attachment region-binding protein, which participates in chromatin synthesis ([@b4-ol-0-0-5854],[@b5-ol-0-0-5854]) and, through its role as a global chromatin organizer regulates the expression of numerous genes ([@b6-ol-0-0-5854]). Overexpression of this gene has been observed in several types of solid tumors and is positively correlated with prognostic and clinicopathological properties ([@b7-ol-0-0-5854]). SATB1 is primarily expressed in thymocytes, and regulates the development and maturation of T cells ([@b8-ol-0-0-5854],[@b9-ol-0-0-5854]). Previous studies have demonstrated a correlation between SATB1 expression and the metastasis and poor prognosis of breast cancer ([@b10-ol-0-0-5854]).

RNA interference (RNAi) technology has the ability to validate target genes, functionally assess relevant disease genes and aid the development of effective therapeutics, including inhibitors of tumor cell invasion in colon, liver and gastric cancer ([@b7-ol-0-0-5854],[@b11-ol-0-0-5854],[@b12-ol-0-0-5854]). RNAi of SATB1 induces expression changes in \>1,000 genes in cancer cells, and is able to effectively inhibit proliferation, cell invasion and tumor growth and metastasis ([@b13-ol-0-0-5854]).

As the role of SATB1 in esophageal cancer has yet to be investigated, the present study examined the differences in SATB1 expression between esophageal cancer tissues and adjacent normal tissues. Therefore, SATB1-targeted small interfering (si)RNA was utilized to investigate the effect of SATB1 on the proliferation, invasion and apoptosis of TE-1 human esophageal cancer cells.

Materials and methods
=====================

### Cell lines and primer sequences

TE-1 cells were purchased from the Cell Resource Center, Shanghai Institutes for Biological Sciences, Chinese Academy of Sciences (Shanghai, China). The 6.4 kb siRNA expression vector pRNAT-U6.1/Neo, possessing a green fluorescent protein reporter and BamH1 and EcoRI restriction enzyme cutting sites at each end, was purchased from ShineGene Bio-Technologies, Inc. (Shanghai, China). Primers were designed, synthesized and sequenced by ShineGene Bio-Technologies, Inc., and the sequences are provided in [Table I](#tI-ol-0-0-5854){ref-type="table"}.

### Synthesized primers (siRNA sequence) were evaluated by electrophoresis

The synthetic oligonucleotide chain (siRNA) then linked with double enzyme digested pRNAT-U6.1/Neo. The SATB1-pRNAT-U6.1/Neo-siRNA-1, SATB1-pRNAT-U6.1/Neo-siRNA-2 and SATB1-pRNAT-U6.1/Neo-siRNA-N recombinant plasmids were constructed, and were subsequently referred to as SATB1-siRNA-1, SATB1-siRNA-2 and SATB1-siRNA-N, respectively. The control was empty plasmid siRNA.

### Immunohistochemical staining

The present study was approved by the Ethics Committee of The First Affiliated Hospital of Liaoning Medical University (Jinzhou, China) and was conducted in accordance with the provisions of the Declaration of Helsinki. All subjects provided written informed consent for the use of the tissue samples. Esophageal cancer tissues were obtained via surgical resection. Paraffin-embedded tissue sections (4 µm) were fully dewaxed using dimethylbenzene. Following rehydration with ethanol, the tissue sections were placed in 0.01 mol/l PBS solution, and washed three times for 4 min each time. Subsequently, the tissue sections were soaked in 3% H~2~O~2~ for 20 min and washed with PBS a further three times. Tissue samples were blocked at room temperature with 10% sheep serum (Zhongshan Golden Bridge Biotech, Beijing, China) for 15 min to reduce nonspecific adsorption, and then washed again with PBS three times. The tissue sections were incubated with tyrosine hydroxylase polyclonal antibody I (\#H-196; dilution, 1:50; cultured at 4°C for 2 h) and II (\#C-20; dilution, 1:250; cultured at 37°C for 40 min) all purchased from Santa Cruz Biotechnology, Inc. (Dallas, TX, USA). Immunohistochemical staining was performed at room temperature with streptomycin for 10 min and 3,3′-diaminobenzidine for 5 min, and the tissue sections were subsequently washed with water. The tissue samples were further stained with hematoxylin for 45 sec and then washed again with water. The tissue samples were progressively dehydrated with 70% ethanol for 4 min, 90% ethanol for 4 min and 100% ethanol for 4 min. Finally, the tissue samples were transparently treated with xylene for 5 min (3 times). Following mounting with neutral gum, the tissue samples were observed under a light microscope.

### Primary culture

The TE-1 cells were cultured in RPMI-1640 medium supplemented with 10% HyClone™ calf serum (GE Healthcare Life Sciences, Logan, UT, USA), and placed in incubator at 37°C with 5% CO~2~. The medium was changed every 2--3 days until anchorage-dependent cell growth reached \~80%. Experiments were performed when the cells entered the logarithmic growth phase. The cells were divided into four groups as follows: SATB1-siRNA-1, group A; SATB1-siRNA-2, group B; SATB1-siRNA-N, group C; non-transfected control cells, group D. The TE-1 cells were added to 6-well plates at a density of 2×10^5^ cells/well. When the cells reached \>70% confluency, the medium was changed to RPMI-1640 without calf serum and the cells were continuously cultured for 4 h at 37°C. Subsequently, the cells were transfected with Lipofectamine^®^ 2000 (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) for 4 h and cultured with HyClone™ calf serum. At 48 h post-transfection, the cells were washed with PBS 2--3 times and observed under an inverted fluorescence microscope (ZEISS observer A1 inverted microscope; Carl Zeiss AG, Jena, Germany).

### Western blot analysis

At 48 h post-transfection, the cells were washed twice with ice-cold PBS and then treated with lysis buffer for 30 min at 4°C. The supernatants were centrifuged at 12,000 × g for 30 min at 4°C to extract the proteins. Proteins were quantified using a bicinchoninic acid assay. 50 µg protein was loaded into each well and separated using 10% SDS-PAGE. Following this, the proteins were transferred to a polyvinylidene fluoride membrane, blocked with TBST (NaCl 500 mM, Tris 20 mM, pH 7.5) containing 5% skim milk and probed with primary antibodies against SATB1 (rabbit polyclonal antibody; cat. no., ab92307; dilution, 1:600; Abcam) and β-actin (rabbit polyclonal antibody; dilution, 1:1,000; cat. no., sc-1616-R; Santa Cruz Biotechnology, Inc., Dallas, TX, USA) for 4°C overnight, followed by the secondary antibody (dilution, 1:1,000; cat. no., C-0029; horseradish peroxidase/hypothalamic regulatory peptides labeled; Beijing Biosynthesis Biotechnology Co., Beijing, China) at 4°C for 1 h. Following incubation at 37°C for 1 h, the membrane was washed with TBST and subsequently treated with an enhanced chemiluminescence kit (ZSGB-BIO, Beijing, China) to detect the signals. Western blotting was quantified by densitometry and analyzed using Quantity One^®^ 1-D image analysis system (Bio-Rad Laboratories Inc., Hercules, CA, USA).

### Evaluation of proliferation using a cell counting kit-8 (CCK-8)

Cells from each of the four groups were suspended in RPMI-1640 medium supplemented with 10% fetal calf serum (GE Healthcare Life Sciences), and added to 96-well plates at a density of 2×10^3^ cells/well (volume, 0.1 ml). One plate was set up for each group (A, B, C, D), and five wells were used per group. The cells were cultured, and following cell attachment, 10 µl CCK-8 (Beyotime Institute of Biotechnology, Shanghai, China) solution was added to each well. Next, four observation points were selected as follows: 24, 48, 72 and 96 h. At each observation point, 10 µl CCK-8 was added to the wells; after 2 h, the absorbance was determined at 450 nm using Multiskan Ascent 354 Microplate Reader (Labsystems, Dragon, Finland).

### Evaluation of cell invasion using a transwell chamber assay

A 24-well transwell chamber assay (\#PICM01250, EMD Millipore, Billerica, MA, USA) was used. At 48 h following transfection, the medium was changed to RPMI-1640 medium without serum. Following starvation for 8 h, the cells were dissociated to form a suspension in RPMI-1640, supplemented with 5% fetal bovine serum (\#A482019; Gibco; Thermo Fisher Scientific, Inc., Carlsbad, CA, USA) at a density of 1×10^4^ cells/ml. The filter membranes were coated with 50 mg/l matrigel, exposed to ultraviolet light for 2 h following air-drying at 4°C and hydrated with medium. The transwell chambers were placed in 24-well plates. A total of 500 µl of RPMI-1640 medium supplemented with 15% fetal calf serum was added to the lower chamber, and 200 µl cell suspensions (1×10^4^ cells/ml) were seeded into the upper chamber. Following culture for 72 h at 37°C, the cells were removed from the upper membrane of the Transwell chambers with a cotton swab, and the lower cells were stained with hematoxylin and eosin at room temperature, imaged and counted under a fluorescence microscope (Olympus1X71; Olympus, Tokyo, Japan).

### Evaluation of apoptosis by flow cytometry

At 48 h following transfection, the cells were washed 2--3 times with PBS, fixed in PBS with 4% formaldehyde for 10 min at 37°C, and separated by centrifugation (150 × g, room temperature, 5 min). A phycoerythrin Annexin V Apoptosis Detection kit I (ZSGB-BIO) was used according to the manufacturer\'s protocol, and apoptosis was evaluated using flow cytometry within 1 h (BD FACSCanto™ II; BD Biosciences, Franklin Lakes, NJ, USA).

### Statistical analysis

SPSS version 19.0 (IBM SPSS, Armonk, NY, USA) was used to analyze the data. All data were expressed as the mean ± standard error. Data prior to and following the experiment were compared using a student\'s t-test and χ^2^ test. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Immunohistochemistry

Positively expressed SATB1 located in the nucleus was indicated with a pale yellow-brown or brown color. In addition, the expression of SATB1 was significantly higher in poorly differentiated tissues ([Fig. 1B](#f1-ol-0-0-5854){ref-type="fig"}), as compared with in well-differentiated tissues ([Fig. 1A](#f1-ol-0-0-5854){ref-type="fig"}).

### Transfection results

Due to the presence of green fluorescent protein in pRNAT-U6.1/Neo, green fluorescence was observed in the nuclear membrane and cytoplasm of the SATB1-siRNA-1, SATB1-siRNA-2 and SATB1-siRNA-N cells following transfection, but not in the non-transfected cells. The green fluorescent mean plasmid was successfully shifted to TE-1 cells. The TE-1 cells with transfected plasmids appeared slightly swollen, and a proportion of them had died. The number of surviving TE-1 cells in groups A and B was significantly lower, compared with groups C and D, indicating that SATB1 may be involved in the differentiation and proliferation of these cells ([Table II](#tII-ol-0-0-5854){ref-type="table"}).

### The effect of SATB1-siRNA on the protein expression levels of SATB1

The protein expression levels of SATB1 were examined by western blot analysis, and a specific band was observed at 86 kDa. The gel imaging system was used to scan the SATB1 bands with gray scale. The protein expression level of SATB1 in groups A and B was markedly decreased by comparison with control siRNA and non-transfected controls ([Fig. 2](#f2-ol-0-0-5854){ref-type="fig"}). This indicates that SATB1-siRNA-1 and SATB1-siRNA-2 were successfully transfected into TE-1 cells and inhibited the expression of SATB1.

### Proliferation of TE-1 cells prior to and following transfection

The results of the CCK-8 assay demonstrated that the proliferation of the TE-1 cells was markedly inhibited in groups A and B, compared with groups C and D, at 72 and 96 h ([Fig. 3](#f3-ol-0-0-5854){ref-type="fig"}). However, no significant differences were observed between groups A and B, and groups C and D, at 24 and 48 h (P\>0.05).

### Invasion of TE-1 cells prior to and following transfection

Following transfection of the TE-1 cells with SATB1-siRNA, Matrigel film was stained with hematoxylin and eosin. The results demonstrated that the number of TE-1 cells on the film in groups A and B was significantly lower compared with groups C and D (P\<0.01). There was no significant difference between group A and B or group C and D (P\>0.05; data not presented).

### Apoptosis of TE-1 cells pre- and post-transfection

Following the transfection of TE-1 cells with SATB1-siRNA, cell proliferation was significantly inhibited (P\<0.05), indicating that SATB1-siRNA may induce the apoptosis of TE-1 cells ([Table III](#tIII-ol-0-0-5854){ref-type="table"}; [Fig. 4](#f4-ol-0-0-5854){ref-type="fig"}).

Discussion
==========

Esophageal cancer is one of the most prevalent malignant tumors in China ([@b14-ol-0-0-5854],[@b15-ol-0-0-5854]). Common symptoms include difficulty swallowing and weight loss, and patients may also present with pain when swallowing, enlarged lymph nodes around the collarbone, hoarse voice, dry cough and possibly coughing up or vomiting blood ([@b16-ol-0-0-5854]). Although the diagnosis and treatment of esophageal cancer has made good progress, it remains a serious threat to human life and health ([@b17-ol-0-0-5854]). The main reasons for the poor prognosis of esophageal cancer include invasion of the tumor to surrounding tissues and the transfer to adjacent and distant tissues in the early stages ([@b18-ol-0-0-5854]). Previous studies have demonstrated that various physical and chemical factors in the microenvironment, and within tumor interstitial cells, serve an important role in tumor invasion and metastasis ([@b19-ol-0-0-5854]). Therefore, investigation of the genes associated with esophageal cancer may aid the diagnosis and treatment of this disease.

SATB1 is a protein encoded by the *SATB1* gene in humans, which is 763 amino acids long and located on chromosome 3 ([@b20-ol-0-0-5854]). Early studies demonstrated that SATB1 was involved in the development of thymus cells, T-cell maturation and the formation of the higher order structure of chromosomes ([@b21-ol-0-0-5854],[@b22-ol-0-0-5854]). In 2008, Han *et al* ([@b23-ol-0-0-5854]) initially revealed the association between SATB1 and tumor invasion and metastasis. Previous studies examining various types of tumor cells, including gastric, colon and small cell lung cancer, also demonstrated that the over-activation and overexpression of SATB1 may lead to the unlimited growth of tumor cells and inhibit apoptosis ([@b24-ol-0-0-5854]--[@b26-ol-0-0-5854]).

The present study successfully constructed SATB1-siRNA expression vectors and transfected SATB1-siRNA-1 or SATB1-siRNA-2 into TE-1 cells, subsequently inhibiting cell proliferation and invasion. In addition, SATB1-siRNA was able to induce the apoptosis of esophageal cancer cells *in vitro*. These results suggested that the SATB1 gene may present an ideal target for the treatment of esophageal cancer. Metastasis is the final step in the development of solid tumors, which is the most frequent cause of mortality in patients with cancer ([@b27-ol-0-0-5854]). SATB1 serves an important role in tumor invasion and transfer, and controlling these processes is able to improve the survival rate of patients with cancer. The results of the present study were consistent with those of previous studies ([@b23-ol-0-0-5854],[@b27-ol-0-0-5854]), demonstrating that the proliferation of esophageal cancer cells was significantly decreased following transfection with SATBB1 siRNA. Although little is understood regarding the underlying mechanisms by which SATB1 affects the proliferation and invasion of esophageal cancer cells, a previous study demonstrated that SATB1 altered the expression of \>1000 genes involved in tumorigenesis in breast cancer ([@b23-ol-0-0-5854]) SATB1 upregulated the expression of numerous pro-metastasis genes, including vascular endothelial growth factor B, matrix metalloproteinase 2, 3 and 9, transforming growth factor β1 and connective tissue growth factor ([@b28-ol-0-0-5854]). By contrast, SATB1 downregulated the expression of numerous non-metastatic genes, including breast cancer metastasis suppressor 1, cluster of differentiation 82, kisspeptin and nucleoside diphosphate kinase A ([@b29-ol-0-0-5854]). The transcription factor and global chromatin organizer SATB1 has emerged as a vital factor in the integration of higher-order chromatin architecture and gene regulation ([@b13-ol-0-0-5854]).

In conclusion, the present study provided a theoretical basis for further understanding of the role of SATB1 in esophageal cancer. The results demonstrated that SATB1 is able to regulate the proliferation, invasion and apoptosis of esophageal cancer cells, which may provide important insights into esophageal cancer and other types of cancer in which SATB1 abnormalities are implicated.
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![Results of immunohistochemistry. Positively expressed SATB1 located in the nucleus with pale yellow-brown or brown color. In addition, (A) compared with well-differentiated tissues, (B) the expression of SATB1 was significantly higher in poorly differentiated tissues. (A) Well-differentiated; (B) poorly differentiated. Magnification, 200x.](ol-13-05-2915-g00){#f1-ol-0-0-5854}

![Western blotting results in each group. Lane 1, SATB1-siRNA-1 (group A); lane 2, non-transfected controls (group D); lane 3, control scrambled SATB1-siRNA-N (group C); lane 4, SATB1-siRNA-2 (group B). β-actin was used as a loading control. SATB1, special AT-rich sequence-binding protein-1; siRNA, small interfering RNA.](ol-13-05-2915-g01){#f2-ol-0-0-5854}

![Results of the CCK-8 proliferation assay depicting the absorbance values of cells at 24, 48, 72 and 96 h time points. SiRNA, small interfering RNA; SATB1, special AT-rich sequence-binding protein-1; CCK-8, cell-counting kit-8.](ol-13-05-2915-g02){#f3-ol-0-0-5854}

![Apoptosis of TE-1 cells in each group as detected by flow cytometry. (A) SATB1-siRNA-1; (B) SATB1-siRNA-2; (C) control scrambled SATB1-siRNA-N; (D) non-transfected controls. Early apoptotic cells were 7-AAD negative and PE-Annexin V positive, and late apoptotic cells were positive for 7-AAD and Annexin V. siRNA, small interfering RNA; SATB1, special AT-rich sequence-binding protein-1; 7-AAD, 7-amino-actinomycin; PE, phycoerythrin.](ol-13-05-2915-g03){#f4-ol-0-0-5854}

###### 

Primer sequences for each siRNA.

  siRNA name   Primer sequence
  ------------ -------------------------------------------------------------------
  siRNA-1      F: 5′-GAT CCG CTA CAG CGA GTA CGT TTA CCT GTG AAG CCA CAG ATG GGG
               TAA ACG TAC TCG CTG TAG CTT TTT TG-3′
               R: 5′-AAT TCA AAA AAG CTA CAG CGA GTA CGT TTA CCC CAT CTG TGG CTT
               CAC AGG TAA ACG TAC TCG CTG TAG CG-3′
  siRNA-2      F: 5′-GAT CCG AGT ACG ATG ATC CTC CTG ACT GTG AAG CCA CAG ATG GGT
               CAG GAG GAT CAT CGT ACT CTT TTT TG-3′
               R: 5′-AAT TCA AAA AAG AGT ACG ATG ATC CTC CTG ACC CAT CTG TGG CTT
               CAC AGT CAG GAG GAT CAT CGT ACT CG-3′
  siRNA-N      F: 5′-GAT CCG CGA GAC CTC AGT ATG TTA CCT GTG AAG CCA CAG ATG GGG
               TAA CAT ACT GAG GTC TCG CTT TTT TG-3′
               R: 5′-AAT TCA AAA AAG GGA ACG ATG ATC CTC CTG ACC CAT TGG CTT CAC
               AGT CAG GAG GAT CAT CGT ACT CG-3′

siRNA, small interfering RNA; F, forward; R, reverse.

###### 

The number of TE-1 cells in each group (mean ± standard error of the mean; n=5).

  Group    A                                                                                               B                                                                                               C      D
  -------- ----------------------------------------------------------------------------------------------- ----------------------------------------------------------------------------------------------- ------ ------
  Number   24±5^[a](#tfn2-ol-0-0-5854){ref-type="table-fn"},[b](#tfn3-ol-0-0-5854){ref-type="table-fn"}^   30±6^[a](#tfn2-ol-0-0-5854){ref-type="table-fn"},[b](#tfn3-ol-0-0-5854){ref-type="table-fn"}^   56±7   61±4

P\<0.01, group A or group B vs. group C

P\<0.01, group A or group B vs. group D.

###### 

Apoptosis of TE-1 cells in each group (mean ± standard error of the mean).

  Group   Apoptosis rate (%)
  ------- -----------------------------------------------------------------------------------------------------
  A       12.56±1.19^[a](#tfn4-ol-0-0-5854){ref-type="table-fn"},[b](#tfn5-ol-0-0-5854){ref-type="table-fn"}^
  B       12.42±1.85^[a](#tfn4-ol-0-0-5854){ref-type="table-fn"},[b](#tfn5-ol-0-0-5854){ref-type="table-fn"}^
  C       3.98±1.36
  D       4.06±1.65

P\<0.01, group A or group B vs. group C

P\<0.01, group A or group B vs. group D.
